The method of characteristics, or fractional-flow theory, is extremely useful in understanding complex Enhanced Oil Recovery (EOR) processes and in calibrating simulators. One limitation has been its restriction to Newtonian rheology except in rectilinear flow. Its inability to deal with non-Newtonian rheology in polymer and foam EOR has been a serious limitation. We extend fractional flow methods for two-phase flow to non-Newtonian fluids in one-dimensional cylindrical flow, where rheology changes with distance from injection well. The fractional flow curve is then a function of position and we analyze the characteristic equations for two applications-polymer and foam floods. For polymer flooding, we present a semi-analytical solution for the changing fractional flow curve where characteristics and shocks collide. The semi-analytical solution is shown to give good agreement with the finite-difference simulation thus helping us understand the development and resolution of shocks. We discuss two separate cases of foam injection with or without preflush. We observe that the fractional flow solutions are more accurate than finite-difference simulations on a comparable grid and hence the method can be used to calibrate simulators. For SAG (alternating-slug) foam injection, characteristics and shocks collide, making the fractional-flow solution complex. Nonetheless, one can solve exactly for changing mobility near the well, to greater accuracy than with conventional simulation. The fractional-flow method extended to non-Newtonian flow can be useful both for its insights for scale-up of laboratory experiments and to calibrate computer simulators involving non-Newtonian EOR. It can also be an input to streamline simulations.
Introduction
Fractional flow methods or more formally the method of characteristics (MOC) have proved essential in simplifying and understanding oil-recovery processes, especially enhanced oil recovery (EOR) processes (Pope 1980; Lake 1989; Walsh and Lake 1989) . In many cases, EOR processes involving multiple components can be represented by two-phase fractional flow solutions, often involving a jump in the concentration of some chemical component within one phase. Despite simplifying assumptions, the MOC predicts the solution structure of displacements well, even when those assumptions are relaxed. Solutions using the MOC, however, typically assume Newtonian viscosities of all phases.
Many EOR processes, especially polymer and foam EOR, involve non-Newtonian phase viscosities. MOC solutions for displacements in these EOR processes provide important insights, but have not described the effect of non-Newtonian viscosities on the displacements.
In radial or streamline flow, non-Newtonian phase viscosities imply that the fractional flow function varies with position along the streamline. In rectilinear 1D flow, there is a single fractional flow function that applies to the entire displacement even for non-Newtonian fluids; see Wu et al. (1991 Wu et al. ( , 1992 and Yi (2004) . Wu et al. (1995) and Subramanian et al. (1997 Subramanian et al. ( , 1999 give solutions for dynamic 1D displacements where flow is from one porous medium to another with a different fractional flow function. Bedrikovetsky (1993) briefly gives the solution for one-dimensional (1D) gravity drainage in a dome-shaped reservoir with an expanding gas cap. The relative contributions of gravity and viscous effects change with the cross-sectional area of the dome, which depends on vertical coordinate z; therefore a different fractional flow function applies at each value of z. Jamshidnezhad et al. (2008) present a solution for steady-state gravity segregation in 2D cylindrical flow for non-Newtonian fluids using the MOC.
In this article, we describe a framework for modeling 1D dynamic displacement with non-Newtonian phase viscosities using the MOC, with numerical simulations provided for comparison. We illustrate the method with several cases where the fractional flow curve changes with radial distance. For injection of non-Newtonian foam following a surfactant preflush, a simple, exact solution is possible. Without the preflush, a solution is possible that is exact for the foam bank and approximately correct for the gas bank that precedes the foam bank. For injection of non-Newtonian polymer or injection of foam in alternating slugs of gas and liquid (SAG injection), an exact solution using MOC is also possible, though more complex. It is relatively simple, however, to solve exactly for mobility behind the chemical shock, i.e., in the near-wellbore region crucial to injectivity. Analysis of the problem in terms of the changing fractional flow curve provides insights into how the process proceeds.
Theory
Except for allowing non-Newtonian phase viscosities, we make the usual assumptions of fractional flow theory (Pope 1980; Lake 1989):
1. The 1D cylindrical reservoir is homogeneous, with uniform thickness, with inner radius r w and an open outer boundary at r e . We also assume r e >> r w .
